This paper highlights the influence of contact line (pinning) forces on the mobility of dry bubbles in microchannels. Bubbles moving at velocities less than the dewetting velocity of liquid on the surface are essentially dry, meaning that there is no thin liquid film around the bubbles. For these "dry" bubbles, contact line forces and a possible capillary pressure gradient induced by pinning act on the bubbles and resist motion. Without sufficient driving force (e.g. external pressure) a dry bubble is brought to stagnation. For the first time, a bipartite theoretical model that estimates the required pressure difference across the length of stagnant bubbles with concave and convex back interfaces to overcome the contact line forces and stimulate motion is proposed. To validate our theory, the pressure required to move a single dry bubble in square microchannels exhibiting contact angle hysteresis has been measured. The working fluid was deionized water. The experiments have been conducted on coated glass channels with different surface hydrophilicities that resulted in concave and convex back interfaces for the bubbles. The experimental results were in agreement with the model's predictions for square channels. The predictions of the concave and convex back models were within 19% and 27% of the experimental measurements, respectively.
Introduction
Bubble clogging in microchannels is a well-known problem in microfluidics. Immobile bubbles induce strong resistance effects on the flow in the channels and may disturb the performance and reduce the efficiency of the device [1] . Therefore, management of gas bubbles is an important matter for microfluidic devices. The emergence of the bubbles can be caused by various factors, e.g., simply by diffusion of air into the device or by the degassing of the liquid due to temperature or pressure variations. Vibration can stimulate the formation of the bubbles as well [2] . Bubbles can also get introduced into the system while connecting or disconnecting tubing to the valves, pumps, etc. Overall, in practice, the chances of the appearance of unwanted bubbles in microfluidic devices are relatively high. Furthermore, bubbles may be generated as a reaction product in the device, e.g. the production of carbon dioxide during the oxidation of methanol on the anode side of a micro direct methanol fuel cell (μDMFC) [3] . Two-phase micro-heat exchangers may also experience bubble removal problems [4] [5] [6] . In particular, dryout is a common problem in two-phase microchannel heat sinks used for electronic cooling. The formation of sufficiently large bubbles that block the channels leads to the diversion of the fluid into other channels which greatly reduces heat removal in the blocked channels [5, 7, 8] .
Some of the methods suggested for facilitating bubble removal in microchannels include the use of T-shaped non clogging microchannels [9] , tapered structures [1] , hydrophilic-hydrophobic patterning [10] , and hydrophobic porous membranes [11, 12] .
Most of the previous studies attributed the lack of motion of stagnant bubbles to resistant capillary forces related to pressure differences across the front and back interfaces [2, [13] [14] [15] [16] [17] .
Herein we investigate pinning forces along triple contact lines as another factor hindering the motion of dry bubbles. Note that lubricated bubbles have no triple contact line and do not experience pinning.
To the best of authors' knowledge, the only studies to account for the pinning forces acting on a bubble in the force balance are studies by Blackmore et al. [18] and Metz et al. [1] . Blackmore et al. [18] modeled the forces acting on a small stagnant bubble confined between two parallel plates at the moment of detachment. Their model included viscous drag and pinning forces but overlooked capillary forces. The pinning force was derived as an integration of the projection of surface tension on the solid surface plane over the bubble's contact perimeter. Metz et al. [1] modeled the forces acting on a moving bubble in a microchannel as the superposition of the capillary force, viscous drag, and the drag induced due to thin film deposition, pinning, and contact angle dynamics. Their simple model for the pinning forces linearly correlates this force to a constant pinning coefficient, the length of the gas bubble contact line, and the surface tension. For their experiments, the pinning coefficient and subsequently the pinning force turned out to be negligible which was attributed to the high surface quality of the glass channels and the disappearance of contact lines in lubricated bubbles.
Because of dewetting, elongated bubbles moving in microfluidic systems are not always lubricated. Dewetting refers to the spontaneous withdrawal of a liquid film from a partially wetting surface [19] . On a totally wetting substrate, a film is always stable while on a partially wetting surface, thin films below a critical thickness are metastable and may dewet by nucleation and the growth of a dry zone. The critical thickness for an ideal surface is given by The nucleation of a dry zone may start with a local surface defect or by a perturbation; the zone expands if its radius exceeds a critical value. For an air-water system with a receding contact angle as low as 1  , the critical thickness becomes about 45 μm , much thicker than a possible liquid film around an elongated bubble in microchannels. Because microfluidic systems are not usually free of surface defects, the chances for dewetting of the thin films around bubbles are relatively high. The dewetting velocity with which the dry zone opens up is constant,
where k is an empirical coefficient that depends on the nature and molecular weight of the fluid and also the solid surface quality [20] .
The existence of lubricating films around bubbles in a partially wetting microchannel depends on the bubble velocity, the dewetting velocity, the length of the bubbles, and the microchannel cross-sectional dimensions [21] . Experimental results from Cubaud and Ho [21] have shown that, in a partially wetting square channel, bubbles moving slower than the dewetting velocity are completely dry. For velocities between the dewetting velocity and a critical velocity, the rear of the bubble is dried out while the front of the bubble remains lubricated (hybrid bubbles). At velocities higher than the critical velocity, bubbles are lubricated. The critical velocity was estimated by
where b l is the length of the bubble and h is the width of the square microchannel [21] . Further experimental data is required to develop such a correlation for rectangular channels. Figure 1 presents images of dry, hybrid, and lubricated bubbles. The presence of droplets on the channel walls around a bubble is indicative of dewetting. We reviewed the conditions leading to the presence of dry bubble in microchannels. Because of the contact angle hysteresis on a non-ideal surface, a dry moving bubble forms different dynamic contact angles at the front and back. The pinning forces applied on the contact lines and the possible capillary pressure induced by pinning resist the motion of a dry bubble. At low flow velocities, the pressure difference across the length of the bubble may not be enough to overcome these forces. In such a situation, the bubble becomes stationary. If there is no bypass for the flow, the bubble eventually starts crawling due to the liquid accumulation and pressure buildup behind it. When a bypass (e.g. a parallel channel or corner flow) exists, the bubble may remain stationary indefinitely and an increase of flow rate would be required to move the bubble forward [18] . Dry stationary bubbles present in our microchannel array device, as shown in Figure 2 , further motivate this theoretical and experimental study of the pressure required to stimulate motion of dry bubbles and effectively clear the channel. 
Theoretical model
In this section a theoretical model that describes the roles of contact line forces on the bubble pinning phenomenon is proposed. de Gennes et al. [19] have described the forces acting on a dynamic triple contact line on non-ideal surfaces. Herein, we develop the force balance equations for the situation where an external force on the contact line is not enough to initiate movement.
Then we expand our model for a clogging bubble having two contact lines at its front and back.
Young's equation presents the balance of forces for a triple contact line at equilibrium as
When an external force is applied on a contact line, the contact angle varies from the local equilibrium contact angle. For the liquid segment in the circular tube described in Figure (cos cos )
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Depending on the hydrophilicity and geometry of the channel liquid regions may or may not be present in the corners of the channel, as illustrated in Figure 4b and Figure 4c . Liquids with equilibrium contact angles below 45  most likely occupy the corner regions in rectangular channels [22] .
In the presence of corner liquid regions, we can assume slip boundary conditions on the gasliquid interface since g l µ µ << and the velocity gradient inside the bubble is small. We also know that for 1 Ca << , viscous forces are negligible compared to capillary forces. Therefore, we can assume the effect of drag forces exerted by the corner flow on the bubble is negligible.
The contact angle of the non-ideal surface varies between the receding and advancing contact angles. The maximum external force that can be compensated by pinning corresponds to the situation where the contact angle equals the advancing or the receding contact angle, depending on the direction of the force. Therefore, for the continuous motion of the contact line the external forces must be larger than the maximum pinning forces.
The external forces on the bubble are the result of the pressure field maintained by the corner flows. These forces can be approximated by A and R A are the bubble cross sectional areas at the back and front, respectively. These are slightly different from the microchannel cross sectional area when bubbles do not occupy the corner regions [23] .
In order for a bubble with a concave interface on the back ( < 90 ) adv q  to move Eq. (9) and (10) should both be satisfied. By substituting Eqs. (11) and (12) into Eq. (9) and (10) we get
Assuming that the bubble has equal cross sectional areas, contact line lengths, and equilibrium contact angles at the front and the back, adding Eq. (13)  . However, it is not a sufficient condition for movement as both Eqs. (13) and (14) should be simultaneously satisfied. 
This condition is met before the pinning forces are overcome. Capillary valves often work based on this principle [11, 24, 25] . Note that at the front interface, pressure differences up to 4 cos / equ h σ q can be easily held by surface tension. However, for higher pressure differences and subsequently front contact angles below equ q , the pinning forces are responsible for the integrity of the interface. The motion of the front interface is always triggered by overcoming the pinning forces.
Adding Eq. (17) and Eq. (14) written for a square microchannel results in the necessary condition for the motion of both the front and the back contact lines
Therefore, our theoretical model consists of two parts: Eq. (16) for concave back bubbles and Eq. It is important to note that in the absence of liquid regions in the corners of the channel, pinning forces are the only resistive forces acting on the bubbles. Moreover, the length of the bubble does not influence the pressure difference across the bubble. However, when liquid regions exist, capillary forces may act on the bubble as well [13, 26] and the pressure drop across the bubble becomes a function of the bubble length.
Differentiation between capillary and pinning forces
It is easy to confuse capillary and pinning forces because the mathematical form of the right hand of Eq. (15) and to understand that both of these forces may act on a dry bubble. In our example, the capillary pressure gradient was caused by the difference in the back and front curvatures due to pinning and contact angle hysteresis. An integration of capillary pressure over the interface results in the capillary force [1] .
It is also possible to have capillary forces in the absence of pinning; for example, lubricated bubbles passing through contractions or expansions experience capillary forces [1] . The capillary pressure gradient and subsequently the capillary force can also be produced by a surface tension gradient due to variations in the temperature, concentration, or electric field [22] .
Unlike pinning forces which always resist the motion, capillary forces may stimulate it. An interesting example presented by Paust et al. [27] demonstrates a conflict between the capillary and pinning forces: A growing bubble in a tapered geometry is pinned at the back side. The bubble growth toward a bigger cross section reduces the front curvature and increases the capillary force which eventually overcomes the pinning force at the back and detaches the bubble from the pinning point.
Capillary Pressure
In the presence of liquid regions in the corner of a channel, the capillary pressure gradient induces an interfacial liquid flow on the gas-liquid menisci (represented by dotted line in Figure   4b ) from the back to front that wants to move the bubble backward [22, 27] . Indeed, the corner 
The pressure drop along the length of the bubble is maintained by the bypassing corner flow.
Treating the corner flow as Poiseuille flow, Wong et al. [13] approximated the pressure drop along a stationary bubble by
where Q is the volumetric flow rate and eff d is the effective dynamic diameter of the liquid flow. Longer bubbles apply more resistant to the corner flow and experience a larger pressure difference across their length. Equation (21) suggests that for any bubble length there is a critical flow rate that provides a pressure drop sufficient for bubble motion. The dynamic contact angles of the front and back of the dry moving bubble vary between receding and advancing contact angles as the triple contact line still exists. If the velocity of a dry bubble becomes high enough a thin film around the bubble will start to form and eventually the bubble will become lubricated again [28] , as shown in Figure 5 . As the velocity increases the bubble caps deform asymmetrically resulting in the so-called "bullet-shaped" appearance [22, 29] . , dynamic contact angles are independent of velocity and are equal to the static receding and advancing contact angles [30] . Equations (16) and (18) will be validated for bubbles with concave or convex back interfaces, respectively.
Experimental setup and procedure
A schematic view of the experimental setup is presented in Figure 6 . Square borosilicate glass channels (VitroCom PN 8100) with a height and width of 976 8 μm ± and a length of 10 cm have been used as the test channels. In order to decrease the hydrophilicity of the glass and have contact angle readings with high accuracy, four brand new channels were washed with "Rain X The pressure transducer was connected to its fittings under water to avoid air trapping in the fittings and the transducer branch.
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The flow rate was set at 2 μl/min which corresponds to an average velocity of 2 mm/min in the Image and pressure data acquisition started almost simultaneously at rates of 5 fps and 1000 Hz respectively and continued for 12 minutes. The pressure data has been condensed to an average pressure value for every 0.2 s interval. By matching a pressure peak in the pressure signal to its corresponding closely-timed image with an apparent maximum pinning, the lag between the imaging and pressure measurements was revealed. Using this information, each image has been mapped to a single pressure reading.
Results
In order to calculate the required pressure to keep the bubbles moving from Eq. (16) and Eq. (18) the contact angles must be measured from the images. Accurate measurement of the contact angles is only possible when the image of the bubble interface is a uniform line as shown in Figure 7a and Figure 7c , in contrast to Figure 7b and Figure 7d . For the selected images, accurate measurement of the contact angles was possible. Furthermore, within one second before and after the image was captured the motion of the bubble was steady and there was no observed rapid change in the shape of the front and back interfaces. For those cases, the variation in the measured pressure during the two second period was always within and often much lower than 2 ± Pa accuracy range of the transducer. [31, 32] . In reality, the equilibrium contact angle varies locally but we have assumed it to be a single value in each data set. Table 1 presents the length of the bubbles in each experiment and the range of the advancing and receding contact angles for the selected occurrences. It is possible to either have a concave or a convex back interface when one of the back contact angles (top or bottom contact angles) is below 90  and the other one is above 90  . 
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